Specific wiring of gene regulatory networks is likely to underlie much of the phenotypic difference between species, but the extent of lineage-specific regulatory architecture remains poorly understood.. The essential vertebrate transcriptional repressor REST (RE1-Silencing Transcription Factor) targets many neural genes during development of the preimplantation embryo and the central nervous system, through its cognate DNA motif, the RE1 (Repressor Element 1). Here we present a comparative genomic analyses of REST recruitment in multiple species by integrating both sequence and experimental data. We use an accurate, experimentally-validated Position-Specific Scoring Matrix (PSSM) method to identify REST binding sites in multiply-aligned vertebrate genomes, allowing us to infer the evolutionary origin of each of 1298 human RE1 elements. We validate these findings using experimental data of REST binding across the whole genomes of human and mouse. We show that one-third of human RE1s are unique to primates: these sites recruit REST in vivo, target neural genes, and are under purifying evolutionary selection. We observe a consistent and significant trend for more ancient RE1s to have higher affinity for REST than lineage-specific sites and to be more proximal to target genes. Our results lead us to propose a model where new transcription factor binding sites are constantly generated throughout the genome; thereafter, refinement of their sequence and location consolidates this remodelling of networks governing neural gene regulation.
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Introduction
What is the genomic basis for phenotypic variation between species? To date, most studies on genome evolution have focused on the evolution of protein-coding DNA regions, where mutations can give rise to protein products with altered physicochemical properties. Instances of primate-and human-specific innovation in protein sequences have been described, often in genes with highly-suggestive roles in brain size and language [1] [2] [3] , as well as immunity [4, 5] , hair [6] and reproduction [5] . However, the majority of genomic DNA does not encode protein, but contains numerous elements which direct organismal phenotype by regulating gene expression [7] . Sequence evolution of such non-coding DNA can thus lead to alterations in gene regulation, and thence to reorganization of gene regulatory networks [8] . With the recent publication and alignment of high-quality genome sequences and, more recently, comparative transcription factor binding datasets from multiple organisms, it is now becoming possible to interrogate non-coding DNA evolution on a comprehensive genome-wide basis and discover the non-conserved regulatory elements responsible for lineage-specific phenotypes.
Prior to the era of comparative genomics it was proposed that evolution in gene regulatory networks is a major underlying cause of phenotypic differences between species [9, 10] . While the concept of regulatory evolution is broadly accepted and has been explored in detail [8, 11] little evidence exists due to the technical difficulty in making comparative genomic measurements of transcriptional regulation, particularly in metazoans. Consequently, debate continues as to the relative contributions to evolution from regulatory versus coding DNA mutation [12] . Nevertheless the data available do point to widespread intra-specific variation in gene regulatory systems: these include well-documented instances of regulatory evolution underlying phenotypic change in yeast [13] , Drosophila [14] and stickleback [15] , divergent transcription factor targeting in equivalent human and mouse tissues [16, 17] , and distinct gene expression profiles in the brains of human compared to closely-related primates [18, 19] . It is anticipated that mutations in cis regulatory DNA sequences such as transcription factor binding sites are the major cause of such divergence [20] , but until the recent availability of relevant whole-genome datasets, this hypothesis has been impossible to test in a comprehensive manner.
Combinatorial recruitment of activating and repressive transcription factors directs precise spatial and temporal gene expression patterns, particularly during development, and such regulation is frequently disrupted in disease states. The specific recruitment of transcription factors to their target genes is mediated by non-coding DNA sequence elements known as transcription factor binding sites (TFBS). Ranging in length from around 4 -21 bp, such elements recruit transcription factors in a sequence-dependent manner, where the degree of recruitment in vivo correlates with the similarity of the element to an ideal motif [21, 22] . It is likely that various mechanisms contribute to the evolutionary generation and loss of new regulatory motifs, including insertions, deletions and substitution of DNA bases, as well as genomic rearrangements such as DNA duplication [8] . Intriguingly, growing evidence implicates transposable elements in copying and inserting pre-existing transcriptional regulatory motifs into novel target genes [23] [24] [25] [26] . Notably, this process seems to be particularly prevalent amongst the longest motifs, which are the least likely to appear by random DNA mutation [27] . To date, attempts to comprehensively identify evolving functional non-coding DNA have relied on sequence-evolutionary analysis of multispecies aligned regions to detect regions under significant positive selection [28, 29] . Not surprisingly, these studies have concentrated on identifying regions that distinguish the human genome from that of other primates, and have generally implicated neurodevelopmental genes to be amongst those to have experienced particularly accelerated regulatory evolution. Notably, Prabhakar and colleagues found positively-selected non-coding regions are significantly associated with genes mediating neural cell adhesion [28] , supporting the notion that modifications to neurodevelopmental gene expression programs underlie human-specific cognitive abilities. While these studies have allowed us to make inferences based on the classification of likely target genes, they tell us little about the mechanism by which evolving regions contribute to new programmes of gene expression. For this we must have some prior understanding of the regulatory motifs in question.
An alternative approach, which we describe in the present study, is to search for functional evolution of non-coding DNA based on the sequence properties of a known motif. The nature of regulatory non-coding DNA, often consisting of short, degenerate motifs at highly variable locations with respect to the genes they target, makes the study of non-coding DNA evolution inherently challenging. One important exception is the vertebrate transcription factor Repressor Element 1-Silencing Transcription Factor (REST), which binds to a relatively long sequence motif called the Repressor Element 1 (RE1). The RE1 serves to represses transcription of many genes expressed in the nervous system by specifically recruiting REST, which serves as a platform for various repressive cofactor complexes [30] [31] [32] . This regulatory system is specific to vertebrates, and has been co-opted into diverse regulatory roles including neurodevelopment [33, 34] , vascular smooth muscle proliferation [35] , heart development [36] and embryonic stem cell (ESC) pluripotency [17, 37, 38] . We previously reported a position-specific scoring matrix (PSSM) method to identify RE1 sequences and target genes in vertebrate genomes [24] . The RE1 PSSM is highly specific: the majority of predicted RE1s bind to REST in vivo [39] and thus can be used to predict REST binding sites in multiple available genomes. Using this approach to search the human genome, we previously found evidence for extensive duplication of preexisting RE1s located within transposable elements, suggesting that the REST regulatory network has been dynamically remodeled by retrotransposition during evolution.
In this present study we have used the RE1 PSSM to identify orthologues of all human RE1s in 16 vertebrate genomes, in order to investigate the evolutionary divergence of the transcriptional network controlled by REST. Due to the unique availability of whole-genome, in vivo binding data for REST in multiple species ([39] and [40] ), we were able to validate the majority of our predicted lineage-specific RE1s. We show that new REST binding sites have arisen throughout vertebrate evolution, generating species-specific REST regulatory targets. RE1s of various evolutionary ages have characteristic properties of affinity and proximity to target genes: overall, ancient RE1s are more proximal to target genes and recruit REST with higher affinity. Nevertheless, recently-evolved primate-specific RE1s target neural genes and are capable of recruiting REST in vivo. Confirming their functional significance, these primate-specific motifs have been under purifying evolutionary selection during primate and human evolution. This study represents the first integrated, genome-wide analysis of a transcriptional regulatory motif across multiple vertebrate species, providing new insights into the extent and mechanism of transcriptional network evolution amongst vertebrates.
Materials and Methods
Identification of RE1s in Vertebrate Genomes. Human (version 36.1, hg18), chicken (galGal3), chimp (panTro2), cow (bosTau4), dog (canFam2), fugu (fr2), mouse (mm6), opossum (monDom4), rat (rn4), macaque (rheMac2) and xenopus (xenTro2) genome sequences were downloaded from the UCSC Genome Browser at (http://genome.ucsc.edu/) and searched for RE1s as described previously using the 21bp RE1 position specific scoring matrix (PSSM) in conjunction with the C program, Seqscan [24] . Searches were carried out using a constant nucleotide ratio background (we used the human nucleotide ratios : A/T -0.295, C/G, -0.205) The RE1 count is relatively insensitive to the %GC backgrounds that are found within the genomes tested (Supplementary Figure 1) . Seqscan assigns a score from 0 to 1 to each 21-mer on the basis of its similarity to the RE1. Based on experimental data, we previously defined a stringent cutoff score of 0.91, above which sequences were considered to be bona fide RE1s. Genomes were not masked for repeat elements prior to scanning. To estimate the false positive rate of RE1 identification, we generated a randomized 3Gb genome using human nucleotide frequencies and scanned it using the RE1 PSSM. Using human/fugu (A 0.273 C 0.227 G 0.227 T 0.273)/opossum (A 0.312 C 0.188 G 0.188 T 0.312) nucleotide frequencies we identified 32/37/30 RE1s above cutoff -suggesting that our human genome-wide RE1 search has a falsepositive rate of the order of 2.5%.
Evolutionary Classification of Human RE1s. All RE1 conservation analysis was carried out in comparison to the 1298 above-cutoff RE1s in the human genome. To classify RE1s based on evolutionary conservation, we performed the following analysis: MultiZ multiple alignments of 16 vertebrate genomes with human (hg18) were downloaded from the UCSC Genome Browser. [41] . These alignments consist of aligned sequence blocks of variable length. Using the locations of human RE1s, a custom Perl script was used to extract the orthologous aligned regions (where available) of other genomes. Gaps were removed from aligned sequences. These aligned sequences were scored with the RE1 PSSM. The highest scoring 21mer was recorded, and those cases having a motif scoring above cutoff were considered to represent an orthologous RE1. Species where no alignment exists, or where aligned sequence contains a highest-scoring motif below the cutoff score, were considered to have no orthologous RE1. Every human RE1 was then classified by the species having aligned RE1s: those with no aligned RE1s were classified as "Human Specific"; those with an aligned RE1 in at least one of chimp (panTro1) or macaque (rheMac2) but in no other species, were classified as "Primate Specific"; similarly, for mouse (mm8), rat (rn4), rabbit (oryCun1), dog (canFam2), cow (bosTau2), armadillo (dasNov1), elephant (loxAfr1), tenrec (echTel1) or opossum (monDom4) -"Mammal Specific"; for chicken (galGal2) -"Reptile Specific"; for xenopus (xenTro1) -"Amphibian Specific"; and for zebrafish (danRer3), tetraodon (tetNig1) or fugu (fr1) -"Deeply Conserved". Lineage-specific classifications of RE1s are available in the Supplementary Data File 2. We carried out a similar analysis using five control RE1-like matrices, employing the same PSSM cutoff score of 0.91. In each case, the positions of the RE1 PSSM were randomly shuffled; resulting matrices did not have CpG propensity greater than the original RE1 motif. Although between 55 and 120 instances of high-scoring matches were found in the human genome for five shuffled PSSMs, in no case did we discover a single orthologous motif in any aligned species, indicating that the false-positive rate of multispecies conserved RE1 motifs predicted by our method is negligible.
Target Gene Annotation. Target genes were defined as the unique Refseq-annotated gene having its transcriptional start site most proximal to either an RE1, or to the central basepair of an experimentally-defined binding region. Refseq gene coordinates for hg18 and mm9 were downloaded using the Biomart tool from Ensembl (www.ensembl.org/biomart).
Comparison of RE1s to Experimentally Determined REST Binding Sites. High-throughput sequencing-based experimental datasets of REST binding from human (Jurkat cell line, as determined by ChIP-seq) [39] and mouse (E14 embryonic stem cells, as determined by ChIP-PET) [40] were downloaded and converted to BED coordinate format. For ChIP-PET data, the minimal overlap region of each PET cluster was used. BED coordinates were compared to each other using a custom Perl script. Coordinates were converted between genomes using the UCSC LiftOver tool on default settings. GO Analysis. Gene ontology (GO) analysis was carried out on nonredundant sets of human or mouse Refseq genes, using the PantherDB tool (www.pantherdb.org). Unless indicated, P-values were corrected for multiple hypothesis testing using the Bonferroni method.
Nucleotide divergence in RE1s. BLASTZ pairwise alignments of hg18-rheMac2 and hg18-mm9 were obtained from GALAXY [42] for either the two half-sites of the RE1 (positions 1-9 and 12-17 of RE1 motif), or to two 100bp flanking regions extending from either extremity of the RE1 motif. The baseml program from PAML [43] was used to calculate the numbers of identical and divergent nucleotides. Uncorrected divergence rates were estimated by dividing the number of divergent nucleotides by the total number of nucleotides. Although this method is likely to underestimate nucleotide substitution rates for highly diverged species [44] , this should not affect our conclusions in testing substitution rates differences between regions. Statistical significance was estimated by comparing the total numbers of divergent nucleotides to conserved nucleotides between RE1 and flanking regions, using the Pearson Chi-Square test with continuity correction (relevant contingency tables can be found in the Supplementary Figure 3 ). An equivalent control region was defined 1kb upstream of every primate-specific RE1, and the analysis repeated.
Assessing RE1 conservation with MONKEY. The MONKEY program [45] was run under Cygwin with default settings on BLASTZ pairwise alignments downloaded from GALAXY (hg18-rheMac2, hg18-mm9) [42] . We used the same RE1 PSSM described in [24] , or randomlyshuffled equivalents, except that all values were converted to frequencies, and a pseudocount of 0.01 was added to positions containing a zero in the original PSSM. For every scan, the resulting hit with the lowest P-value was recorded. We scanned alignments containing predicted RE1s (including 100bp flanking DNA up-and downstream) with the RE1 PSSM. To estimate background, we rescanned the whole-genome human-macaque or human-mouse alignments for each of 100 shuffled PSSMs. In each case, the median MONKEY-reported P-value across all predicted binding sites in the genome was recorded.
SNP Density. Data from dbSNP129 were downloaded and filtered to remove all features extending for >1bp. Data were analysed essentially as described for nucleotide divergence above. The pENTR-hREST/DBD plasmid was generated by GATEWAY BP cloning (Invitrogen) encoding residues 147-440 of the full length REST protein. A plasmid suitable for bacterial expression was generated by performing a GATEWAY LR reaction using pDEST-HISMBP as destination vector [46] . BL21(DE3) cells transformed with the expression plasmid were grown in terrific broth (TB) at 37˚C to an optical density of 0.5-0.8, whereupon protein expression was induced by addition of 0.2mM isopropyl β-D-1-thiogalactopyranoside and incubated at 17˚C for 5 hours. Cells were harvested by centrifugation and lysed by sonication. HisMBP-REST/DBD fusion protein was extracted from the bacterial lysate at 4°C using an amylose resin (New England Biolabs) following the manufacturers instructions. The protein was further purified on a HiPrep Superdex 200 16/60 size exclusion column (GE Healthcare) equilibrated with 10mM Tris-HCl pH 8.0, 100mM NaCl. Fractions containing HisMBP-REST/DBD were pooled, aliquoted and stored at -80˚C.
Electrophoretic mobility shift assay (EMSA). EMSA were essentially performed as described [47] with the following modifications. A 30bp Cy5 labeled RE1 element, adapted from the rat Scn2a2 gene [32] was pre-mixed with a 100-fold excess of unlabelled competitor, then a master mix containing the HisMBP-REST/DBD protein was added. The final reaction, containing 1nM Cy5-labelled DNA, 100nM competitor DNA and 50nM protein in EMSA buffer (2mM β-mercaptoethanol, 10mM Tris-HCl pH 8.0, 100mM KCl, 50µM ZnCl2, 10% Glycerol, 0.1% NP-40 and 0.1mg/mL bovine serum albumin), was incubated at 4˚C for one hour then electrophoresed at 4˚C on a pre-run tris-glycine 5% polyacrylamide gel at 300V for 1 hour. 
Results

RE1s Can Be Classified by Evolutionary Lineage
Previous data have suggested that the population of REST binding motifs (RE1s) has grown in concert with the expansion of the mammalian genome during evolution, and that specific duplication mechanisms may have contributed to this process [24, 48] . Using a PSSM search for RE1 motifs, we find that the genomic population of RE1s in mammals to be approximately twice that of non-mammalian vertebrates (Supplementary Figure 4) . Furthermore, inspection of multispecies alignments suggests that the degree of evolutionary conservation is highly heterogeneous amongst RE1s (Supplementary Figure 4) . To investigate the degree of evolutionary conservation of RE1s in more detail, we developed a PSSM pipeline to comparatively identify RE1s across the genomes of multiple vertebrates ( Fig 1A and Materials and Methods). Because our method relies on identifying RE1s from their sequence characteristics alone, and does not use sequence conservation as a criterion, it should be capable of isolating instances of newly-evolved RE1s in the human lineage. Furthermore, this method is unlikely to be affected by evolutionary changes in the RE1 motif itself, given the extreme conservation of the REST DNA-binding domain (DBD) amongst vertebrates (Supplementary Figure 5) . Using this approach, we sought to determine the degree of evolutionary conservation of the 1298 human RE1 sites. The orthologous regions of every human RE1 was identified from multiple alignments of 16 other vertebrate species [49] and each of these regions was searched for RE1s with the RE1 PSSM. We thus were able to classify all human RE1s by their degree of evolutionary conservation; for instance, motifs which could be identified in the orthologous region of at least one other mammal -but not amongst birds, amphibians or fish -were classified as "mammalspecific". Similarly, binding sites with orthologues in either chimp or macaque or both, but not in any other species, were classified as "primate-specific" (Fig 1A) .
This lineage analysis (displayed in the form of a heatmap in Fig 1B) showed that approximately two-thirds of human RE1s (869/1298 = 67%) are conserved in at least one other mammalian species ( Fig 1C) . Small numbers of ancient RE1s could be distinguished in orthologous regions of chicken (reptile-specific, 13/1298, 1%), xenopus (amphibian-specific, 7/1298, 0.5%) and fish genomes (24/1298, 2%). Most intriguingly, almost one-third of RE1s are specific to either human alone (40/1298, 3%), or to human and at least one other primate (345/1298, 27%). We also asked what proportion of RE1s are conserved between human and mouse, two high-coverage genomes of moderate evolutionary divergence. We found that just over one-third of human RE1s have an identifiable orthologue in mouse (476/1298, 37%) ( Fig 1D) . Similar proportions of human RE1s have an orthologous region in mouse containing no identifiable RE1 motif (416/1298, 32%), or have no orthologous region at all (406/1298, 31%).
Evolutionary turnover of transcription factor binding sites -that is, the compensatory gain and loss of a motif regulating a particular gene -is frequently observed [50] . We next wished to estimate what proportion of lineage-specific RE1s are truly lineage-specific (ie appeared at a locus that is not regulated by REST in more anciently diverged lineages), compared to those RE1s that evolved to replace a recently lost motif at a pre-existing target locus. This analysis showed that, even with very relaxed definitions of turnover, the majority of lineage-specific RE1 
have arisen within loci that previously were not bound by REST (Supplementary Figure 6 ). This suggests that new RE1s evolve more frequently to regulate a new target gene, rather to regulate a pre-existing target gene.
Some examples of lineage-specific RE1s are shown in Figure 2 . The LHX3 gene (encoding a transcription factor involved in pituitary development [51] ) was found to contain an upstream RE1 that is deeply conserved, having an orthologous sequence in zebrafish. The RE1 is conserved both in terms of its individual sequence identity, shown by alignment, as well as its functionality, inferred from the high RE1 PSSM score in these orthologous sequences. In contrast, AGBL1 contains two recently evolved RE1s -a primate-specific site and a humanspecific site. The primate specific site (above) apparently evolved through DNA sequence mutation since aligned DNA sequence exists in non-primate mammalian species. The putative human-specific RE1 of the gene is part of a primate-specific LINE1 insertion; we previously observed this phenomenon of RE1 insertion by retrotransposition [24] .
REST target genes tend to have roles in neurodevelopment and neuronal function [24, 48, 52] . We observed that amongst the most proximal genes to primate-specific RE1s are a number with neural functions, including those encoding the synaptic neuromodulator Cerebellin 1, predicted signaling molecule IQSEC2, the RNA-binding protein LARP6 and the soluble decoy receptor, TNFRSF6B (Table 1) . Many lineage-specific RE1s localise to pre-existing target genes that also have a more ancient motif: of the 313 predicted targets of primate-specific RE1s, 48 also have an older, mammalian-specific RE1 (this represents a 6-fold enrichment over that expected by chance: P=5E-23, Hypergeometric test). This suggests that at least some novel RE1 generation serves to refine regulation of existing REST target genes, rather than to acquire new ones.
Validation of Lineage Predictions In Vitro
To determine the affinity of predicted RE1s biochemically, we performed electrophoretic mobility shift assays (EMSA), to test for binding of the REST protein to a representative selection of lineage specific RE1s in vitro. Purified recombinant REST DNA binding domain (DBD) was mixed with a labeled probe representing the high-affinity RE1 of the mouse Scn2a2 gene [32] (Fig 3A) . Unlabelled oligonucleotides representing all available orthologous regions were tested for their ability to compete the DBD:probe interaction (Fig 3B and 3C ).
First, we tested all orthologues of the deeply conserved RE1 from the promoter of LHX3 (Fig 2A  and 3C ). We found that with the exception of the chicken, all sequences were capable of binding REST with high affinity, including orthologous sequences from Tetraodon and Fugu (Figs 3B and 3C). In the case of chicken, the orthologous sequence is drastically different from other vertebrates, likely resulting from either a misalignment, or from loss of this RE1 element in the chicken lineage (Fig 2A and 3A) . Closer inspection of the chicken gene revealed that it contains an RE1 residing in chicken-specific sequence within the second intron. It is possible that this RE1 is the result of a genomic rearrangement within LHX3 which is specific to birds.
We also tested a predicted primate-specific RE1 (derived from a LINE2 within an exon of LARP6, encoding a putative RNA-binding protein). We observed elevated binding of REST to human and macaque orthologues of the LARP6 RE1, compared to rat, mouse and dog ( 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
and 3C). Finally we tested the binding of three predicted human-specific RE1s from the SFRS8, TSNARE1 and AGBL1 genes (Fig 3C and 2B) . Each of the predicted RE1s from the human genes were able to bind REST. Striking human-specific binding was observed for the human SFRS8 RE1, whose orthologous regions from chimp, macaque and dog showed no detectable affinity for REST. The chimp RE1 of TSNARE was bound by REST with significantly higher affinity than macaque, suggesting that the activity of this element has increased in the great apes. Finally, the predicted human specific RE1 from the AGBL1 had markedly elevated affinity in human, although moderate binding was also observed in other primates (Fig 2B and 3C) . In general, the affinity differences observed in the EMSA experiments can be attributed to sequence variations affecting key residues of the RE1 element: for example, a single substitution from a preferred cytosine to adenosine at Position 8 in the chimp SFRS8 RE1 confers a large decrease in affinity compared to humans, while substitution of a preferred guanosine at position 13 to an adenosine or cytosine in macaque or dog respectively is the most likely reason for decreased affinity for the SFRS8 RE1s in these species (Fig 3A) . Together, in vitro binding studies provide experimental support for the existence of lineage specific RE1s that can be accurately predicted by our PSSM.
Differential In Vivo Recruitment to Lineage Specific RE1s
To comprehensively test the accuracy of RE1 evolutionary classifications, we validated the in vivo binding of lineage-specific RE1 motifs with reference to recently published whole-genome maps of REST binding in human [39] and mouse [40] determined by chromatin immunoprecipitation (ChIP). Overall, at least 70% (909/1298) of PSSM-predicted human RE1s recruit REST in vivo for the human dataset, compared to 68% (671/985) of RE1s predicted in mouse. Therefore the PSSM is consistent and selective in detecting sites which are bound by REST. Indeed this is likely to be an underestimate of PSSM accuracy as REST does not occupy every functional binding site in each cell type [53, 54] .
We divided human RE1s into categories based upon their conservation in the mouse genome, as in Figure 1D , where the mouse genome contains either orthologous RE1-containing sequence ("RE1"), orthologous non-RE1-containing sequence ("No RE1"), or no orthologous sequence ("No alignment", Fig 4A) . This clearly showed that, while all human RE1s have similar capacity to recruit REST in human ES cells (ranging from 60-80%), only orthologous RE1s effectively recruit REST in mouse ES cells. Thus our sequence-based method is capable of correctly identifying lineage-specific sites, of which the majority recruit REST in vivo. Furthermore, despite our stringent PSSM cutoff score there is not an excessive number of false-negative orthologous RE1s in mouse -evidenced by the low number in the "No RE1" category that have evidence for binding in mouse.
Human RE1s from each lineage category, or their orthologous region in mouse, were compared to experimentally-determined REST binding locations (Fig 4B) . One would expect that if an RE1 is specific to primates, then binding will be observed in human but not at the orthologous region in mouse, whereas ancient RE1s will be bound in both. Consistent with this, mammal-specific RE1s are bound by REST in both human and mouse cells, while primate-and human-specific RE1s are only observed to be bound in human cells. Interestingly, the latter two categories have a lower rate of REST binding (Human-specific: 23%; Mouse-specific: 44%) than RE1s as a whole (70%), suggesting that more recently evolved RE1s have less optimal characteristics for the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
recruitment of REST in vivo. Thus our PSSM pipeline accurately predicts the functional conservation and ability to recruit REST to specific genes across multiple organisms.
Characteristic Properties of Lineage-Specific RE1s
The above data suggest that recently-evolved RE1s (human-and primate-specific) are less effective at recruiting REST than more ancient sites, even in human cells. Both human and mouse whole-genome REST maps are based on ChIP coupled to high-throughput sequencing: RESTbound DNA fragments are sequenced from a pool of immunoprecipitated DNA and mapped to the reference genome. A region of DNA that shows high affinity for REST will be precipitated efficiently and result in a greater number of tags than a region only weakly associated with REST. Thus, one expects that the number of ChIP-Seq tags should be correlated with the degree of REST recruitment in vivo. We quantified the mean ChIP-Seq tag count for human RE1s grouped by lineage (Fig 4C) : mammal-specific RE1s have significantly higher numbers of overlapping sequences tags compared to primate-specific sites, suggesting that more ancient RE1s more effectively recruit REST in vivo. Ancient RE1s tend to have higher similarity to the canonical RE1 motif than more recent RE1s, as judged by their higher PSSM score (Fig 5A) . Analysis of human and mouse ChIP datasets showed that , the probability of an RE1 being bound in vivo increases dramatically with increasing PSSM score between 0.91 to 0.95 though further increases in motif score have little effect (Supplementary Figure 7) . However the extent of REST recruitment in vivo shows only a weak positive relationship possibly because other factors such as chromatin environment influence the level of REST recruitment (Supplementary Figure 8) . In summary, the ability of an RE1 to recruit REST in the nucleus is positively correlated to its evolutionary age, and this is a result, at least in part, of more ancient RE1s having better quality RE1 sequence motifs.
We have recently found that the proximity of an RE1 to the transcriptional start site (TSS) of a gene is a strong determinant of the resultant transcriptional repression [40] . Interestingly, we found that proximity also correlates with evolutionary age: by calculating the distance of all RE1s to the nearest gene's TSS, we found that more ancient RE1s tend to reside proximal to gene TSS, while recent human-and primate-specific genes tend to reside distal from genes ( Fig 5B) .
DNA Sequence Evolution Drives Species-Specific Transcription Factor Recruitment
Comparison of sequencing-based maps of REST recruitment for human [39] and mouse [40] showed weak conservation of binding in orthologous regions: just 34% of human loci which recruit REST also do so at their orthologous loci in mouse (Fig 6A) . Does DNA sequence underlie this poor conservation of transcription factor recruitment? If so, we might expect the genomic sequence of human-specific REST binding sites to have higher similarity to the RE1 motif compared to the orthologous region in mouse where REST is not found. To test this, we compared the RE1 PSSM scores of all regions underlying experimentally-validated binding sites from both human and mouse (Fig 6B and 6C) . Those regions which are bound in both human and mouse have high PSSM scores in both genomes (green spots). Strikingly, sites bound in human only tend to have elevated PSSM scores in the human genome compared to that of mouse (blue spots) while sites bound in mouse only have elevated PSSM scores in the mouse genome (orange spots) (Fig 6B) . Additionally, using this functionally obtained set of REST binding sites, we compiled the distance of human-only and human-mouse conserved RE1s to the TSS of nearest genes in the human genome, and vice versa for mouse (Fig 6D) . Consistent with our previous findings of predicted RE1 sites (Fig 5B) , non-conserved REST binding sites tend to be more distal from target genes than conserved sites. Furthermore this is true for the mouse as well as the human genome; mouse specific sites show lower PSSM score and are further from the TSS of genes than conserved RE1 sequences in the mouse genome, and is likely to be applicable to all vertebrate genomes.
Evidence that Primate-Specific RE1s have been under Purifying Selection Since HumanMacaque Divergence
It is possible that primate-specific RE1s are simply neutrally-evolving, non-functional sequence elements that do not contribute to phenotype. One prediction of this hypothesis is that these nonfunctional elements would not be under evolutionary selection. To test this, we compared the rate of nucleotide substitution of primate-specific and mammal-specific RE1s to a region of flanking DNA that we assume to be neutrally evolving (Figs 7A and 7B). We carried out this analysis with alignments of RE1s to another primate genome, macaque, as well as to a non-primate mammal, mouse. Since divergence of human and macaque, we observe a statistically significant reduction in DNA substitution in the nucleotides of both primate-specific (P=2.2E-16) and mammalspecific RE1s (P=2.2E-16), compared to their immediate flanking DNA (Fig 7A) . Consistent with primate-specific evolution, primate-specific RE1s show no evidence of negative selection in human-mouse alignments (P=2.2E-16) (Fig 7B) .
A more sophisticated method for identifying evolutionarily-conserved DNA motifs in aligned DNA is represented by the program MONKEY [45] . Provided with a PSSM and a multiple sequence alignment, MONKEY identifies instances of a transcriptional regulatory motif and, using various substitution models, assigns statistical significance to their evolutionary conservation amongst the aligned sequences. One challenge in carrying out this analysis on recently diverged genomes, such as human and macaque, is the difficulty in distinguishing sequence elements that are truly conserved, from those that are neutrally evolving but have not yet had time to diverge. Therefore, we compared values of statistical significance of primate-and mammal-specific RE1s assigned by MONKEY, to the distribution yielded by a set of 100 randomly-shuffled RE1 PSSM searches which we expect to cover neutrally-evolving DNA. In pairwise alignments of human-macaque, both primate-and mammal-specific RE1s lay outside the shuffled motif distribution, indicating that they have significant signatures of evolutionary conservation compared to background (Fig 7C) . This evidence for selection is almost completely lost when the primate-specific RE1 sites are compared to orthologous mouse DNA, consistent with their coming under negative selection much later after human-mouse divergence (Fig 7D) . In summary, primate-specific RE1s have experienced reduced nucleotide substitution since divergence of human and primates, an observation which is consistent with their being functional and under purifying evolutionary selection since that time. Evidence for recent negative selection can be inferred from reduced nucleotide diversity within human populations [55] . To test whether this is the case for RE1s, we examined the density of small nucleotide polymorphisms (SNPs) within RE1s. For human RE1s as a whole, we observed a significantly lower SNP density across the nucleotides that mediate REST binding, compared to 200bp of immediate flanking region (P=3.2E-4) (Fig 8A) . We see a similar effect for primatespecific RE1s (P=5.0E-4) and mammal-specific RE1s (P=2.4E-12) (Fig 8B) . These data are consistent with primate-specific RE1s being under negative selection during recent human evolution. 
Reduced Diversity of RE1 Sequence within Humans
Discussion
Here we provide the first systematic analysis of a transcriptional regulatory motif across ~450 million years of vertebrate evolution, providing a genomic view of the evolution of a neural regulatory network. Our approach compared and integrated both bioinformatic motif identification and experimental chromatin immunoprecipitation (ChIP) data. This has been made possible by focusing on the neural gene regulation network commanded by REST -its cognate RE1 binding element is unusually long and can be identified with high confidence using probabilistic bioinformatic approaches [24,48,56{Johnson, 2008 #213] and importantly, REST is one of the first factors for which whole genome, sequencing-based ChIP datasets are available for comparison in both human and mouse [39, 40] . As a result, we propose a model where new transcription factor binding sites are created by duplication/insertion followed by refinement of sequence and position, ultimately generating high affinity sites proximal to their target genes.
Emerging evidence, including that presented in this manuscript, point to highly divergent transcription factor recruitment between mammalian species [16, 17] . What is the basis for this divergence? Many transcription factors bind short degenerate sequences which can be readily created by single base pair mutations of a similar sequence [27] . However, this is unlikely to be the case for transcription factors with long recognition elements, such as REST, p53 [57] or CTCF [58]: for simple probabilistic reasons, long periods of time must pass before long regulatory motifs can arise through DNA mutation in a given stretch of random sequence [27] . What processes can explain the genomic remodelling of transcriptional regulatory networks observed in vertebrates? Using the PSSM-predicted RE1s, or the experimentally-discovered REST binding sites, we observed simple yet significant differences between those binding sites which are conserved between species (more ancient) and those sites which arose more recently. A consistent trend emerges for more ancient sites to be closer to an ideal RE1 (as judged by PSSM score) and more proximal to their target gene. We previously showed that, in humans, expansion of RE1s into target genes has taken place through duplication by Alu, LINE1 and LINE2 retrotransposons [24] . This leads us to propose a model for the genomic basis of REST network evolution (Fig 9) . New RE1 elements arise throughout the genome, in part mediated by retrotransposition. The majority of such novel RE1s have only low in vivo affinity for REST. Furthermore, due to the stochastic nature of insertions they are likely to be located distal from gene transcriptional start sites, (distal insertion in the primate lineage may be enhanced by the fact that LINE elements favour integration in AT-rich, gene-poor DNA [59]). Randomlyintegrated RE1s are also likely to be found in regions of inactive chromatin, and may not be accessible to REST by virtue of occluding nucleosomes [60] . This is consistent with previous reports that REST recruitment is sensitive to chromatin environment [61] , and that favourable nucleosome conformation requires the evolution of appropriate DNA sequence [62] . Thus the majority of such inserted RE1s will have little or no phenotypic effect and hence will be subject to gradual degeneration through neutral sequence mutation. However a small number of such inserted sites will fortuitously be capable of recruiting REST and repressing transcription of a nearby gene. Our findings suggest that selection subsequently favours any increase in affinity for REST and/or proximity to their target genes for these sites. In fact, the majority of deeply conserved RE1s are located within their target gene -often within the transcribed region. In contrast, almost all of the human-specific RE1s lie in gene desert regions. Taken together, these findings point to a mechanism of random motif generation followed by refinement by which new gene-regulatory motifs are acquired by genes over time.
Clearly, to demonstrate the importance of cis-regulatory evolution it is not sufficient to simply identify non-conserved transcription factor binding sites. Such sites must be shown to affect the phenotype and fitness of species within that lineage. Indeed, it is possible that this is not the case for a large proportion of transcription factor binding sites [63] , which we would thus expect to be neutrally evolving. Our analysis showed that a substantial proportion (30%) of RE1 sites in the human genome are primate-specific (ie they are not present in any other non-primate genomes analysed). Importantly, we found that these elements have characteristics of inter-and intra-specific variation consistent with their being under negative evolutionary selection. Finally these lineage-specific RE1s preferentially and significantly target neural genes. The majority of the latter do not have other nearby REST binding motifs, suggesting that these are not cases of turnover but rather represent the acquisition of novel target genes by REST during primate evolution. Our data are not consistent with lineage-specific RE1s representing neutrally-evolving evolutionary noise; rather, they suggest that neurodevelopmental gene regulatory networks in which REST participates have been remodeled to yield advantageous phenotypes during primate evolution.
Given the widespread use of mouse models for human disease, it is significant that only 34% of human RE1 sites are conserved between human and mouse, suggesting that significant differences in the gene regulatory organisation exist between these species. Such differences are not unique to REST: similar studies have shown that just 6% of Nanog-bound promoters are shared in human and mouse ES cells [17] , while between 11-59% of promoter-binding by HNF factors in liver is conserved in both species [16] . A future goal will be to determine the biological impact of these differences, particularly with reference to mouse as a model for human disease and an assay platform for human therapeutics. Of particular scientific interest will be the changes in gene expression programmes mediating neuronal development: REST represses numerous neuronal genes in the developing neuroepithelium, and a REST homozygous knockout mouse died prior to birth with major developmental defects of the central nervous system [33] . Given the complexity and diversity of REST's biological roles, the innovations in recruitment profiles we have observed between mammals are likely to have diverse effects. The appearance of an RE1 within a new or existing target gene could have a number of outcomes: general reduction in expression; a change in its spatial or temporal expression pattern; altered response to upstream factors. Therefore, it may have to await investigation on a gene-by-gene basis to understand how RE1 evolution has contributed to organismal fitness. However, given the essential role played by REST in neurodevelopment, the appearance of new RE1 sites capable of regulating cell adhesion and other developmental genes may have contributed to the evolution of primate-specific traits. REST seems to play a profound role in setting the chromatin context of many important neural genes in development [64] , and may be required for the appropriate activation of genes during terminal neuronal differentiation [65] . Furthermore, REST is likely to be interconnected with many other transcriptional programmes during this process. So it is likely that the appearance of a novel REST binding site in the vicinity of a developmental transcription factor or signaling molecular or adhesion molecule could significantly alter the behaviour of developing neurons and lead to major changes in the adult brain's organization and capabilities. It was with interest we noted that amongst the ontology terms connected consistently with new and ancient RE1s is that of "Cell Adhesion", since this term was that found previously to be associated with a class of rapidly-evolving non-coding regions in human [28] . Therefore this study provides further support for the notion that the transcriptional regulation of cell adhesion genes, by REST and other factors, has been extensively reorganized during primate and human evolution.
It is possible that some of the primate-specific RE1 sites identified here are in fact conserved in other mammals, but that their sequence is incorrectly aligned; however, given the relatively large number of non-primate mammal species in this analysis (5), false positives of this type are not likely to be common. In contrast, the difficulty in aligning such divergent genomes as those of chicken, frog and fish, coupled with the relatively small number of these genomes compared to the mammal set, means that we expect the mammal-specific set to be artificially inflated by more ancient RE1s. To compound the potential bias toward classifying premammalian RE1s as mammalian-specific, there is also an inherent inaccuracy of alignments of human to non-mammalian genomes [66] . Because of this we expect that the mammalian-specific set contains considerable numbers of more ancient RE1s which are not correctly aligned to nonmammal genomes. Consequently, we were careful to test hypotheses which should be largely unaffected by such considerations, and our findings are highly statistically significant regardless. In addition to the RE1 sequences identified here, it has recently been shown that REST can also bind to non-canonical RE1 sites in which the 5' and 3' half sites of the motif contain an extra 2-6 nucleotides between them [39] . Such non-canonical sites are not recognized by our PSSM and may contribute to an overestimation of primate and/or mammalian specific RE1s at the expense of more ancient classifications. However any such contribution by non-canonical RE1s will be small as they are found in <5% of bound regions in mouse ES cells [40] . Finally, the two experimental datasets used to validate our analysis were generated by similar but distinct methodologies. It is inevitable that there will be false-negative calls in both datasets, increasing the number of falsely-called lineage-specific binding sites in Figs 4A and 4B . Additionally, the fact that the data came from one pluripotent (mouse embryonic stem cell) and one differentiated (human Jurkat cell) cell type means that it is possible that cell-type specific binding sites could be confused with species-specific sites. Nevertheless, the fact that those PSSM-predicted RE1s which one would expect to be bound in both human and mouse are bound with similar rates in the two species (Fig 4A) , strongly argues that the false negative rate of the experimental data, at least for those high affinity, conserved sites, is low.
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Figure Legends (A) Strategy for identifying lineage-specific RE1s. The RE1 PSSM was used to score each 21bp sequence within the human genome. Subsequently, Multispecies aligned regions for each human RE1 were extracted, and themselves searched for RE1s in the same way. Shown is a hypothetical region of the human genome containing 3 RE1 sites (blue ovals). The RE1 site on the left is also present in aligned regions of chimp, mouse and fugu genomes, and hence is designated as a fish-specific (deeply conserved) RE1. The central RE1 site is a primate-specific RE1 because it is present in aligned sequence from chimp, but not mouse, while the fugu genome does not have an aligned sequence. The right-hand RE1 sequence represents a human lineage RE1 because it is not present in any other genome (in this case, because the region of the human genome does not align with any other). (A) The human LHX3 gene (antisense strand), encoding a developmental homeodomain transcription factor, has a deeply-conserved RE1 in the proximal upstream region (red box). The RE1 PSSM scores for orthologous regions of 16 vertebrate species is shown to the right; species having a score below the cutoff of 0.91 are highlighted in grey, while species with no aligned genomic region are given a nominal score of zero. A local multiple alignment of multiple species orthologous DNA is shown below. The RE1 element is boxed and resides on the antisense strand. (B) The AGBL1 gene, encoding a protease of unknown function, contains two RE1s. The first, on the sense strand in the alignment above the figure, is primate specific with predicted orthologues in chimp and macaque. The second, expanded below the figure, is predicted to be specific to humans (green box). This RE1 resides within a primatespecific LINE2 insertion (highlighted in blue): note the absence of aligned sequence in non-primate species corresponding to the region of LINE1 (bottom track). (A) Human RE1s were divided into categories based upon their conservation to mouse, as in Figure 1D . The percentages of these sites overlapping an experimental ChIP-Seq site in human [39] is shown by the black bars. We found the orthologous region in the mouse genome for all these sites, using the UCSC LiftOver tool. The percentages of mouse orthologous regions overlapping ChIP PET data from mouse [40] were similarly calculated and shown by grey bars. Statistical significance was calculated using the Chisquare test. The human RE1s fall into the following categories: those which have an orthologous mouse genomic region that also contains an RE1 ("RE1"); those which have an orthologous region that does not contain an RE1 ("No RE1"); those which have no orthologous region in mouse ("No alignment"). (A) Nucleotide substitution rates were estimated from the simple divergence rate of RE1s since divergence of human from macaque. Substitution rates were estimated from the rate of divergence of nucleotides in human-macaque sequence alignments. This rate was measured for the core half sites of the RE1 motif (black bars), and the background rate was estimated from a 200bp window around the RE1 motif. The statistical significance of the difference between these two values was assessed using the Chi-square test, comparing conserved and divergent nucleotides between RE1 and flanking DNA. This analysis was repeated for the set of Primate-specific RE1s, Mammal-specific RE1s and a set of control regions 1kb upstream of every Primate-specific RE1. (B) As in (A) for human-mouse alignments. (C) The program MONKEY was used to test for negative selection of RE1 motifs. With the RE1 PSSM, MONKEY was used to assign statistical significance to every human RE1 which could be aligned to macaque. For each case the reported P-value was recorded. The median P-value for the sets of Primate-specific and Mammal-specific RE1s are shown as grey lines. To estimate background, the RE1 PSSM was randomly shuffled 100 times and used to scan whole-genome human-macaque sequence alignments. The black In the scheme, the x-axis represents genomic distance from a hypothetical target gene, whose transcriptional start site is denoted by the black arrow). The y-axis represents the in vivo binding affinity of an RE1 (upper panel), or its repressive capability on target gene transcription (lower panel). New RE1s are constantly generated throughout the genome, often in gene-distal regions (grey arrows). Most sites have no phenotypic effect, or are detrimental to fitness and hence are lost (red crosses). A minority of sites may be weakly beneficial -for example the RE1 shown. Under selective pressure, the affinity of the RE1 sequence improves (via sequence mutation) and becomes more proximal to its target (dashed arrow), thereby improving its repressive capability. The most ancient RE1s take up a position proximal to the target gene TSS, and acquire improved sequence characteristics for in vivo recruitment, leading to maximal regulatory function. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
